This study was conducted to compare the accuracy of clinic blood pressure (CBP) and telemedical home blood pressure (HBP) measurement in the diagnosis of hypertension in primary care. The study subjects were 411 patients with average CBP X140 mmHg systolic or X90 mmHg diastolic, who performed telemedical HBP measurement (5 days, four times daily) and ambulatory blood pressure (ABP) monitoring in random order. Main outcome measure was the agreement of CBP and HBP with daytime ABP. CBP was much higher than daytime ABP and average HBP (Po0.001) with no difference between the latter two. The correlation between CBP and ABP was weak (systolic: r ¼ 0.499, diastolic: r ¼ 0.543), whereas strong correlations existed between HBP and ABP (systolic: r ¼ 0.847, diastolic: r ¼ 0.812). A progressive improvement in the strength of the linear regression between average HBP of single days and ABP was obtained from day 1 to day 4, with no further benefit obtained on the fifth day. The HBP readings taken at noon and in the afternoon showed significantly stronger correlations with ABP than the blood pressures measured in the morning and in the evening. In conclusion, the accuracy of telemedical HBP measurement was substantially better than that of CBP in the diagnosis of hypertension in primary care. HBP most accurately reflected ABP on the fourth day of monitoring, and the readings at noon and in the afternoon seemed to be most accurate.
Introduction
Home blood pressure (HBP) monitoring is becoming increasingly popular in clinical practice, and there is a large and expanding market for blood pressure devices for home measurement. HBP monitoring has the potential to involve patients actively in disease management and control, it helps to diagnose white coat hypertension, 1 has more prognostic significance 2, 3 and correlates better with target organ damage 4, 5 than clinic blood pressure (CBP). Furthermore, it is generally associated with a better compliance to treatment and, in some studies, with a better blood pressure control. [6] [7] [8] Several medical organizations have encouraged the use of HBP, [9] [10] [11] [12] but none of these reports gave clear guidelines concerning exactly how it should be used in practice. However, for clinical purposes, two measurements in the morning and in the evening for at least 3 days have been advised, 12, 13 but important aspects still remain to be clarified. Since a circadian variation in blood pressure exists, 14, 15 it may be important at which time of day the blood pressure is measured. No studies are available comparing the accuracy of HBP readings taken at different times of day.
Although telemedical technology seems to be more and more widely used, its use is still comparatively rare. Previous studies 8, 16, 17 have suggested a beneficial effect of telemedical monitoring on blood pressure control. However, to our knowledge, no study in a typical primary care setting has compared the accuracy of the conventional CBP with that of HBP, using a memory-equipped device with telemedical transmission capabilities.
In the present study of untreated hypertensive patients, the purposes were (1) to determine the value of blood pressures taken by physicians in the clinic and telemedical HBP monitoring using daytime ambulatory blood pressure (ABP) as gold standard, and (2) to assess whether the time of blood pressure measurement during the day has any influence on the reliability of HBP.
Materials and methods

Study population
From January 2000 to April 2002, patients were recruited from 13 general practices in Denmark. Men and women between 20 and 90 years with average CBP X140 mmHg systolic or X90 mmHg diastolic (an average of at least two recordings) were invited to participate in this study. Exclusion criteria were any antihypertensive medication, and lack of mental or physical capacity to monitor blood pressure at home. The order of the HBP measurement and the ABP monitoring was randomly selected, and the alternative measurement was performed within 2 weeks.
The study was approved by the local medical ethics committee, and written informed consent was obtained from all the subjects before the study.
CBP measurements
The CBP readings were taken by the patients' general practitioner at their office. It was determined in the sitting position after 10 min of rest with a standard mercury sphygmomanometer (Korotkoff phase V was used for diastolic blood pressure). Replicate measurements were taken with at least 2 min between recordings until the difference was o5 mmHg for both systolic and diastolic blood pressure on two successive readings.
HBP measurements
For HBP measurement, we used a telecommunication system consisting of a memory-equipped blood pressure device with an interface for connecting it to a modem and automatic transmission of blood pressure data over analog telephone lines (Bang & Olufsen Medicom, Gimsinglundvej 20, 7600 Struer, Denmark) to a hospital-based server. Home blood pressure was measured using a semiautomatic device (TM 2430, Boso, Bosch+Sohn GmbH u. Co., Fabrik. Mediz. Apparate, Bahnhofstrabe 64, 72417 Jungingen, Germany), based on the oscillometric principle. This recorder achieved grade A of the British Hypertension Society Protocol and satisfied the accuracy criteria of the Association for the Advancement of Medical Instrumentation. 18, 19 HBP was measured in the sitting position after a 10 min rest. Participants were requested not to smoke or drink coffee 30 min before each measurement. Duplicate measurements with at least 2 min between recordings were taken four times a day at specified time intervals: in the morning (between 06.00 and 09.00 h), at noon (between 11.00 and 14.00 h), in the afternoon (between 16.00 and 19.00 h) and in the evening (between 22.00 h and midnight), for five consecutive days.
ABP measurement
Ambulatory, noninvasive 24-h blood pressure was measured by the oscillometric method (TM 2421, A&D Company Limited, 3-23-14 Higashi-Ikebukuro, Toshima-ku, Tokyo 170, Japan), using a fully automatic device. The TM 2421 monitor comply with the standards of the Association for the Advancement of Medical Instrumentation and the British Hypertension Society Protocol for the evaluation of automated and semiautomated devices. 19, 20 All subjects had the blood pressure equipment attached in the morning at 08.00 h. Participants were instructed to maintain their usual daily activities but to stay still with the forearm extended during each measurement. The device was set to obtain BP readings at 15 min intervals during the period 07.00-23.00 h and at 30 min intervals during the period 23.00-07.00 h. The participants were requested to note the times of going to bed and getting up in the morning in a questionnaire.
Analysis of blood pressure data
The average of the last two blood pressure readings in the clinic was used in the analysis.
Data from patients who provided fewer than 20 valid HBP readings or readings taken on fewer than 4 days were excluded from analysis.
ABP recordings with fewer than 30 successful daytime blood pressure measurements or fewer than 12 night time measurements were excluded from analysis. The daytime and night time blood pressures were calculated according to the true waking and sleeping times of the individual patients.
The statistical analyses were performed using the SPSS statistical software package (SPSS Software, SPSS Inc., Chicago, USA). Student's paired t-test was applied for the comparison of mean values, with Bonferroni's correction for multiple comparisons applied when appropriate. Linear regressions were used to investigate the association between CBP and HBP readings on the one hand and daytime ABP on the other. An asymptotic Wald-type statistical test was used to compare the strenghts of two linear regressions with the same 'response' (daytime ABP).
All results are given as mean 7 standard deviation (s.d.). All data had been shown to be normally distributed. Po0.05 was considered the limit of statistical significance.
Results
Study participants
From January 2000 through April 2002, 437 individuals were included in the study by the 13 general practitioners. Four patients dropped out from our study because of reasons unrelated to our study and data from 22 were rejected because they provided inadequate numbers of HBP or ABP measurements.
Thus, data from 411 individuals (198 men and 213 women) were analysed. Their mean age was 52.9 7 12.9 years (mean 7 s.d.; range 21-85 years).
Blood pressure measurements
Average CBP, average HBP of all 5 days and average ABP during daytime, night time and the full 24-h period are presented in Table 1 . Average CBP was much higher than average HBP. There was no difference between average HBP and daytime ABP, whereas night time and 24-h ABP were both lower than average HBP.
Average CBP, daytime ABP and average HBP of single days are presented in Figure 1 . CBP was much higher than average HBP of every single day. There was a progressive decline in HBP over the course of the study; HBP on each day being significantly lower than the pressure on the preceeding day ( Table 2 ). Systolic HBP was higher than daytime ABP on day 1 with a subsequent reduction to a level significantly below ABP on days 4 and 5. The same tendency was seen for diastolic HBP, which was higher than ABP on the first two monitoring days with no difference of statistical relevance on the last 3 days.
Relation of blood pressure measurements
Readings in the clinic showed a weak correlation with ABP (0.499/0.543; correlation coefficient r for systolic and diastolic blood pressure, respectively) compared to readings at home (0.847/0.812). The correlation coefficient r for the relation of the average HBP of each monitoring day with ABP is given in Table 3 . A progressive improvement in the strength of these linear regressions was obtained from day 1 to day 4 with no further benefit obtained on the fifth day. The correlation coefficient for systolic blood pressure was significantly higher on the fourth and fifth monitoring day than the corresponding values for the first 3 days, whereas the correlation for diastolic blood pressure was significantly stronger on days 2-5 compared to the first day of measurement. Table 4 shows the correlation coefficient r for the association of average HBP taken at different times of day with ABP. For systolic blood pressure, the readings taken at noon and in the afternoon showed a significantly stronger correlation with daytime ABP than both the blood pressures measured in the morning and in the evening, and for diastolic blood pressure the correlation coefficient was significantly higher at noon than in the evening. Exclusion of the HBP readings from the first day of measurement made no difference in these results (data not shown).
The effect of averaging increasing numbers of blood pressure readings obtained on succeeding Telemonitoring of blood pressure DS Mller et al days on the relation between HBP and daytime ABP is shown in Figure 2 . A progressive improvement in the strength of this linear regression was obtained by averaging more blood pressures. Most of the improvement was achieved on the first four monitoring days, with only very little further improvement when readings from the last day were incorporated. The exclusion of the HBP readings of the initial day offered no clear advantage.
Discussion
The present study showed that telemedical HBP monitoring is a substantially better predictor of daytime ABP than the conventional CBP method. HBP most accurately reflected ABP on the fourth day of monitoring, and the readings at noon and in the afternoon seemed to be superior to the readings taken in the morning and in the evening. HBP measurement has been endorsed by international bodies [9] [10] [11] [12] and is being used increasingly in clinical practice. In this study, we addressed the practical question of exactly how HBP measurement should be used in order to provide a reliable estimate of the level of ABP. As ABP is more representative of the true blood pressure over time, it was used as a reference value. Since 24-h average ABP may be affected from the duration and the quality of night time sleep, daytime ABP was used for analysis. The actual daytime period, determined by using individual patient's diaries, was preferred because there is evidence that arbitrary daytime periods may lead to underestimation of daytime ABP. 21 In line with results of previous studies, CBP was higher than both HBP and daytime, night time and 24-h ABP, whereas there was no difference between average HBP and daytime ABP. [22] [23] [24] There was a good agreement between the HBP/ ABP methods, whereas concordance between CBP/ ABP was weak, suggesting that HBP represents an aspect of blood pressure that is substantially more reliable than measurement of blood pressure in the clinic. The effect of averaging increasing numbers of measurement days revealed that there was no clear advantage in the accuracy of HBP to be gained by including more than the first four measurement days.
It is important to note that in this study the association of HBP with ABP was closer than it was in previous reports (0.59/0.72, 22 To the best of our knowledge, this is the first report to show that the accuracy of HBP varies according to time of day with the pressures measured at noon and in the afternoon being superior to those taken in the morning and in the evening. Previous publications have recommended duplicate measurements in the morning before breakfast and in the evening just before going to bed, but no study to date has addressed the question of whether the circadian rhythm of blood pressure and blood pressure variability has any influence on the accuracy of HBP monitoring. Indeed, the time of day seems to be important regarding accuracy, and it should be noted that there is substantial differences.
The use of a memory-equipped device with telemedical transmission of HBP is a major strength of our study. HBP values are usually presented to the physician by a patient-recorded diary. Unless HBP values are stored electronically, the patient's reporting of blood pressure values to the physician is a potential pitfall, since it has been shown that selfrecorded blood pressures are not reliable. [29] [30] [31] [32] A few small studies have specifically addressed this issue by comparing the values reported by the patients with those stored electronically in the BP monitors, showing a variable degree of reliability. Mengden et al 29 showed a substantial degree of observer error, that is, a highly variable and unpredictable reliability in the reporting of BP values. In their study, more than half of the patients either omitted values or added phantom measurements to their logbook and the mean precision of reporting was 76%, under-reporting being significantly more frequent than over-reporting. In a study by Nordmann et al, 30, 31 73% of electronically recorded values were reported correctly overall, and only 63% of the patient's reported at least 80% of the measurements correctly. More recently, Johnson et al 32 reported similar observations. Memory-equipped devices have the potential to reduce this observer bias.
Albeit limited in number, previous randomized controlled studies 8, 16, 17 have shown a beneficial effect of telemedical monitoring on blood pressure control. In 1996, Friedman et al 8 found that when hypertensive patients used a telephone-linked computer system to report their HBP, diastolic blood pressure decreased significantly. They observed that the effect of telemedicine use on blood pressure reduction might be partly due to the telemedicine system-induced improvement in medication compliance. In an uncontrolled trial, Bondmass et al 16 provided encouraging results in resistant hypertensive Afro-Americans using a transtelephonic monitoring system. They found that blood pressure control was achieved in 60% among those 33 patients, who had uncontrolled hypertension for more than 1 year despite therapy. More recently, Rogers et al 17 in a randomized controlled trial found a mean arterial decrease of 2.8 mmHg in the telemedical group during a 8 week follow-up, while mean arterial pressure increased by 1.3 mmHg in the usual care group. Their results are interesting in that better blood pressure control in the telemedicine group was not necessarily due to more active changes in the medication of the patients, since patients who had no medication change also showed decreases in their blood pressure. These findings suggest an improvement in the compliance of the patient. Indeed, the advantages of telemedical technology are obvious.
The generalizability of our study may be limited by a potential referral bias. Primary care physicians may have included those patients, whom they felt would be most compliant with and most able to manage this telemedical HBP strategy. Further studies aiming at the identification of patient characteristics, which might predict, who would be likely to succeed at telemedical HBP measurement, are needed.
Accurate blood pressure data are crucial in the primary care physician's evaluation. This study shows that patients can accurately measure their blood pressure themselves at home with great potential advantages of greater acceptability, 33 lower equipment and staff costs compared with ambulatory pressure. Since all the subjects were able to learn the technique, it appears that this telemedical HBP method can be used across a wide range of educational and employment backgrounds.
The results of the present study may have implications for clinical practice. As this telemedical HBP technique has the potential to provide an accurate estimate of ABP, it should be regarded as a better alternative to the conventional CBP strategy in the diagnosis of hypertension.
In conclusion, the accuracy of telemedical HBP measurement was substantially better than that of CBP when both methods were assessed by comparison to ABP. HBP most accurately reflected ABP on the fourth day of monitoring with no further improvement on the fifth day, and the readings at noon and in the afternoon seemed to be more accurate than the readings taken in the morning and in the evening. These findings should be taken into consideration in establishing future guidelines for HBP measurement.
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